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Despite recent advances in NMR methodoléglgtermining the a *
polarity of protein binding to DNA by NMR still represents a o Hﬂj\‘ oH
formidable task. Assignment of intermolecular nuclear Overhauser EENPEN C@)KN/-\,HY\N*/-VN‘\/LQQ*
(NOE) interactions is complicated by extensive spectral overlap in O):I} " O k“/OH
the sugar region of the DNAH NMR spectrum, a low density of H .
protons on the DNA, lack of sensitivity of isotope-filtered/separated r—— L - !

. . . . Thymine base EDTA

experiments, and potential line broadening due to exchange?
processes. While relative orientational information (with four-fold oligo1 oligo2

. . . —— * I
degeneracy) can be derived from dipolar coupling measurerhents, strand 1 5'.TG-3' 5-CA[CCTGCACAAACACC-3
this necessitates isotopitely and/or3C) labeling not only of the strand2 3|GGACGTGTTTETGGAC-5" 3-GT|GGACGTGTTTGTGG-S

in but al f the DNA. While feasible, the | i hnicall
protein .utaso ofthe o e eaSI. e, the attgr IS teF: nicaily Figure 1. (a) Chemical structure of dT-EDTAThe nitrogen and oxygen
challenglng a_nd eXpe_nS'\;EMO"eover- dipolar couplings yield N0 aoms involved in metal ion coordination are indicated by astetisks)
translational informatioA. Sequences of the two 16-bp DNA oligonucleotides. The boxed-in region
Paramagnetic relaxation enhancement (PRE}bhuclei is a indicates the DNA used in the structure determination of the SRY/DNA

~ _ ; ; : complex, and the underlined regions delineate the SRY binding?sttee
well-known source of long-range distance information but has nOt.Iocation of dT-EDTA is indicated by an asterisk. The individual DNA

gained Wide§pread use for. systems that do not possess an intrinsiGyrands were synthesized using cyanoethyl phosphoramidite chemistry.
paramagnetic centér.Extrinsic paramagnetic centers can be

introduced into proteins by engineering a nitroxide spin-fabel
metal-binding sité. For nucleic acids, nitroxide spin-labeling can
be achieved by derivatizing pyrimidinésPRE has been well
characterized for paramagnetic metal-binding protéitisa tight
metal-binding site could be introduced into DNA in a simple
manner, the polarity of protein binding could be determined by
observing intermolecular PRE effects on the protein. Here, we show
that DNA containing EDTA-derivatized deoxythymidine (dT-
EDTA; shown in Flgu_re 1a) is ideally suited for this purpose. with Kp's of 10-4—10-3 M.13

dT-!EDTA was originally developed as a reagent for sequence- 1H—15\ HSQC spectra of the diamagneticCaand paramag-
specific cleavggg of d_ouble-stranded (ds) DNA the_ presenc_e netic Mr¢*-chelated states of the SRY/DNA(oligeEDTA com-
of Fe&" and dithiothreitol (DTT), cleavage by chemically active plex are shown in Figure 2a. THelw/N chemical shifts of the
hydroxyl radicals generated by Fechelated to EDTA occurs at  qunq protein are identical for the €aand Mr?*-chelated states,
sites close to a dT-EDTA nucleotide. This reaction is widely used, pacause pseudocontact shift effects for2Mare negligible due to
and the phosphoramidite derivative of dT-EDTA is commercially 5 symmetric 38 electronic configuration. Cross-peaks for residues
available? Thus, solid-phase synthesis of DNA containing dT- 2934 gre visibly broadened in tiéi—5N HSQC spectrum of
EDTA at any desired position is readily feasible and inexpensive. the Mre+-chelated oligol complex (Figure 2b, right) but not the
Using HPLC/electrospray mass spectrometry, we found that the cz+.chelated complex. Values &fly—T, relaxation enhancement
cleavage reaction is specific for #eand DTT and does not occur, (14, —T,) for SRY were determined by taking the difference in
even after many days, when other metal ions are chelated to dT-measuredHy—T, rates in the paramagnetic (/) and diamagnetic
EDTA (details provided in Supporting Information). For chelation (Ca+) states® The residues exhibitingHy—T values>15 st
with C&*, Mn?*, and Fé", the observed mass of the dT-EDTA  are located in regions closest to the dT-EDTMn2* site: residues
containing strand is that of the derivatized oligonucleotide plus the 24—37 for the oligol complex and residues-729 for the oligo2
mass of the metal ion minus the mass of displaced protons (two complex (Figure 2b). These results indicate that metal ion chelated
for divalent and three for trivalent cations). Thus, metal ion binding DNA—EDTA represents a powerful tool for rapidly establishing

of a protein bound to DNA, we applied this method to the SRY/
DNA complex whose structure has been determiidavo 16 base
pair (bp) ds-DNA oligonucleotides (oligol and oligo2) encompass-
ing the 14 bp’s used previoudhand two additional base pairs at
either end with a single dT-EDTA (Figure 1b) were synthesized.
I5N/13C-labeled SRY/DNA-EDTA complexes chelated to either
diamagnetic CH or paramagnetic M were analyzed. Note that

it is critical to remove divalent ions at sites other than the attached
EDTA, because DNA itself has weak multivalent ion binding sites

to dT-EDTA is extremely tight, consistent with the knokg’s of protein binding polarity in a proteinDNA complex, providing the
~1078, ~10"%, and~10-2* M for the binding of C&", Mn?*, and structure of the free protein is already known.

Fet, respectively, to EDTA at neutral pM DNA—EDTA chelated PRE data are not simply qualitative but quantitative (Figure 2c).
to C&" or Mn?" is therefore highly stable and suitable for the Simulated annealing refineméftagainst the observetHy—TI
measurement of intermolecular PRE effects. value$? with the positions of the two bp’s at either end and the

To assess the utility of DNAEDTA for determining the polarity EDTA—Mn?" moieties given their full torsional degrees of freedom
6634 = J. AM. CHEM. SOC. 2003, 125, 6634—6635 10.1021/ja034488q CCC: $25.00 © 2003 American Chemical Society
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The approach presented in this paper can be readily applied to

110f Ca2+-chelated . . Mn2+-chelated . any protein-DNA complex providing no tight metal-binding site
_ ° g " 08ec ° e ° 0ec other than the DNA-attached EDTA is present. The paramagnetic
g ® s = s ® e - center is located in the major groove since EDTA is linked to the
;’E e Rag o 0 RN ® % Ree 2 .° ha2(NH2) C5 position of the T base. Hence, it is essential to place the dT-
- ey ° > o ‘e S ° EDTA nucleotide outside of the protein binding site. The range of
R e oo oo I', can be tuned by judicious choice of paramagnetic metal ion,
1200 °, .,",‘f: s . ° - °, .°=‘g; s ° thereby offering a unique advantage over techniques employing
Wl Lo gm0 o g £ QM0 o nitroxide spin-label.At 500 MHz and a rotational correlation time
o ona: Ch = -OR:; R B34 of 10 ns, I, ranges from 70 to 174 for distances from~17 to
o © °° ~35 A for Mn2* (electron relaxation time. ~ 5 ns) but from
e e e e ~11 to~22 A for Ci* (z ~ 3 ns)48d Quantification of the PRE
9 9 8 7 H (ppm) is strightforward and provides a ready source of highly valuable
b ¢ long-range distance information for structure refinement as evi-
denced by the excellent agreement between observed and calculated
values oftHy—T'; for the SRY-DNA complex (Figure 2c). Because
the incorporation of dT-EDTA into synthetic DNA is so simple,
we expect that the present method will gain widespread utility in
structural and chemical studies of protelDNA complexes.
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Supporting Information Available: Details of HPLC-MS analysis;
pulse sequences used to measthg—T, and Hy—T';; structure
refinement and structural statistics (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

Figure 2. PRE for the SRY/DNA-EDTA—Mn2" complex. (a) 500 MHz
IH—15N HSQC spectra (35C) with DNA(oligo1)-EDTA chelated to C&

(left) and Mr* (right). Severely broadened cross-pedkéT, > 30 s'1)

in the presence of M are shown by red circles. (b) Residues of SRY
with *Hy—T, > 15 s'1 are displayed in red (oligo 1) and green (oligo 2)
on the 3D structure of the SRY/DNAEDTA—Mn2" complex (with
intervening proline residues in black). Two additional base pairs, at either
end, including dT-EDTA-Mn2* (in red for oligol and green for oligo 2
with Mn2* shown as a blue sphere) were added to the original SRY/DNA
structure!? optimized by simulated annealing (keeping the protein and DNA
fixed), followed by restrained minimization of all coordinates against all
experimental restraints. The resulting comparison between the 130 observed (3) (a) Louis J. M.; Martin, R. G.; Clore, G. M.; Gronenborn, A. B.Biol.
and calculated*Hy—TI", values is shown in (c). Complexes at low Chem.1998 273 2374-2378. (b) Masse, J. E.; Bortmann, P.; Dieckmann,
concentration{304M) were extensively washed with a high ionic strength T.; Feigon, JNucleic Acids Resl998 26, 2618-2624.

buffer (20 mM TrisHCI, pH 6.8 and 0.5 M NaCl) to remove any trace (4) Ubbink, M.; Worrall, J. A. R.; Canters, G. W.; Groenen, E. J. J.; Huber,

: : . - M. Annu. Re. Biophys. Biomol. Struc2002 31, 393-422.
metal ion contaminants. The final NMR samples contained 0.3 mM SRY/ - ; -
DNA—EDTA chelated to C& or Mn2* in a bﬁffer of 20 mM TrisHCI (5) (a) Battiste, J. L.; Wagner, @iochemistry200Q 39, 5355-5365. (b)
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